Introduction {#acn3278-sec-0001}
============

During the past decades, various imaging studies have substantially contributed to the understanding of motor recovery after stroke. Dynamic alterations of regional brain activity, neuronal excitability and interregional interactions both at the cortical and subcortical level have been related to residual motor functioning and recovery processes after stroke.[1](#acn3278-bib-0001){ref-type="ref"}, [2](#acn3278-bib-0002){ref-type="ref"}, [3](#acn3278-bib-0003){ref-type="ref"} Aside from its importance for acute stroke diagnosis and management, magnetic‐resonance‐based structural imaging has provided pivotal insights into the functional role of stroke‐related changes in the underlying structural networks (Table [1](#acn3278-tbl-0001){ref-type="table-wrap"}). In this article, we will review the available literature on stroke‐related structural connectivity changes and their implications for both residual motor functioning and motor recovery.

###### 

Selection of important studies for structural connectivity analyses in motor recovery research after stroke

  Study (Title, Author, Journal, Year)                                                                                                                                        Comment
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Structural integrity of corticospinal motor fibers predicts motor impairment in chronic stroke, Lindenberg et al., Neurology, 2010[16](#acn3278-bib-0016){ref-type="ref"}   This is one of the first studies which nicely demonstrates that alternate corticofugal fibers, such as of the cortico‐rubro‐spinal tract, might play a role in motor recovery after stroke, in addition to the contribution of the corticospinal tract
  Network analysis detects changes in the contralesional hemisphere following stroke, Crofts et al., Neuroimage, 2011[24](#acn3278-bib-0024){ref-type="ref"}                  This graph‐theoretical whole‐brain network analysis shows that alterations in "communicability," a measure of information flow through neuronal networks, can separate chronic stroke patients and controls and adds to the understanding of large‐scale network alterations after stroke
  The PREP algorithm predicts potential for upper limb recovery after stroke, Stinear et al., Brain, 2012[55](#acn3278-bib-0055){ref-type="ref"}                              This study proposes a simple algorithm including clinical scores, measures of corticospinal excitability and structural integrity of the corticospinal tract for the prognosis of upper limb recovery after stroke in individual patients.
  A new early and automated MRI‐based predictor of motor improvement after stroke, Granziera et al., Neurology, 2012[30](#acn3278-bib-0030){ref-type="ref"}                   This longitudinal study applies modern diffusion spectrum imaging to explore time‐dependent changes in white matter integrity of intra and interhemispheric corticocortical motor connections between primary and secondary motor areas and to relate them to motor recovery after stroke
  Parietofrontal motor pathways and their association with motor function after stroke, Schulz et al., Brain, 2015[22](#acn3278-bib-0022){ref-type="ref"}                     This study evaluates the functional importance of the structural integrity of ipsilesional parietofrontal motor pathways for recovered hand function while specifically considering the impact of the damage to the corticospinal tract
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Diffusion‐Weighted Imaging as a Tool for Structural Connectivity Analyses {#acn3278-sec-0002}
=========================================================================

The motor system of the human brain comprises a complex, distributed and bilateral network including multiple cortical and subcortical brain regions. Proper neuronal information throughput within this network requires intact nodes and interconnecting neuronal pathways. Acute ischemic strokes can disrupt these nodes and edges and lead to time‐ and recovery‐dependent changes in the structural network characteristics. Diffusion‐weighted magnetic resonance imaging is one modern technique for the analysis of such structural network alterations after stroke. It is based on measuring the diffusion of water molecules within brain tissue. The most commonly used application to describe its characteristics voxel‐by‐voxel is diffusion tensor imaging (DTI). This applies a one‐tensor model, which is a geometric object in the three‐dimensional space. In white matter tissue with coherent white matter fibers, the free water diffusion is restricted, primarily due to the lipophilic characteristics of myelin sheaths, axonal membranes, and glial cells.[4](#acn3278-bib-0004){ref-type="ref"} Second, it is further restricted due to fiber bundle orientation on a macroscopic scale. This leads to a fast diffusion of water molecules along the main fiber direction and a slowed perpendicular diffusion.[4](#acn3278-bib-0004){ref-type="ref"}, [5](#acn3278-bib-0005){ref-type="ref"}, [6](#acn3278-bib-0006){ref-type="ref"} In DTI, three eigenvalues describe the ellipsoid shape of the tensor and allow the estimation of different diffusivity parameters[7](#acn3278-bib-0007){ref-type="ref"}: The mean diffusivity is thought to describe the average magnitude of molecular water translation in all directions. The radial (RD) and axial diffusivities (AD) primarily represent the directional diffusions in or orthogonal to the direction of the fiber bundles and have been associated with the constitution of myelin sheaths and axons, respectively. Most commonly used in the literature is the fractional anisotropy (FA), a measure of directionality of the diffusion tensor with values between one (intact white matter) and zero (disrupted white matter), serving as a surrogate parameter for the microstructural white matter integrity.[8](#acn3278-bib-0008){ref-type="ref"} Given that ischemic strokes lead to dramatic microstructural white matter changes and the principal assumption that proper neuronal information flow critically depends on structural integrity, FA and the other diffusion metrics can thus serve as sensitive tools to (1) noninvasively monitor both time‐dependent changes in structural network properties and (2) to make inferences about functional aspects of the underlying pathways as well. For FA, for instance, both recovery‐dependent decreases and increases are reported: While the primary lesion and also secondary neurodegenerative processes, for example, Wallerian degeneration and gliosis in regions remote to the primary stroke lesion, can result in FA decreases, increases in FA have also been reported and related to reorganizational white matter processes and restoration of neuronal connectivity during recovery after stroke.[9](#acn3278-bib-0009){ref-type="ref"}, [10](#acn3278-bib-0010){ref-type="ref"}, [11](#acn3278-bib-0011){ref-type="ref"}, [12](#acn3278-bib-0012){ref-type="ref"}, [13](#acn3278-bib-0013){ref-type="ref"}

Aside from voxel‐wise inferences about the integrity suitable for whole‐brain analyses,[11](#acn3278-bib-0011){ref-type="ref"}, [12](#acn3278-bib-0012){ref-type="ref"}, [14](#acn3278-bib-0014){ref-type="ref"} DTI also allows the noninvasive reconstruction of white matter tracts. Having estimated one or multiple fiber directions[15](#acn3278-bib-0015){ref-type="ref"} in each voxel, deterministic or probabilistic diffusion tensor tractography algorithms can be applied to estimate probable trajectories between selected seed and target regions that can be further analyzed in various ways. For instance, the absolute fiber count between two areas of interest,[16](#acn3278-bib-0016){ref-type="ref"}, [17](#acn3278-bib-0017){ref-type="ref"}, [18](#acn3278-bib-0018){ref-type="ref"} the lesion load to the reconstructed tracts,[19](#acn3278-bib-0019){ref-type="ref"}, [20](#acn3278-bib-0020){ref-type="ref"}, [21](#acn3278-bib-0021){ref-type="ref"} or the white matter integrity (absolute or proportional FA values/FA asymmetry) along the whole tracts or at predefined regions within the tracts[22](#acn3278-bib-0022){ref-type="ref"}, [23](#acn3278-bib-0023){ref-type="ref"} are some approaches. On a whole‐brain and large‐scale network perspective, fiber counts between numerous cortical and subcortical brain regions can be analyzed by means of graph‐theoretical measures.[24](#acn3278-bib-0024){ref-type="ref"} In fact, while fiber counts are thought to better represent connectivity than regional diffusion metrics, we will summarize both approaches as measures of connectivity in this review.

For DTI and tract reconstructions, a notable limitation is its inability to resolve intravoxel fiber orientation heterogeneity. Despite that multiple tensor fitting algorithms have been developed,[15](#acn3278-bib-0015){ref-type="ref"} DTI has been found to perform poorly in regions of crossing or kissing fibers. Therefore more powerful, model‐free approaches have been developed such as high angular resolution diffusion,[25](#acn3278-bib-0025){ref-type="ref"} and q‐ball imaging,[26](#acn3278-bib-0026){ref-type="ref"} diffusion spectrum imaging,[27](#acn3278-bib-0027){ref-type="ref"} or constrained spherical deconvolution imaging.[28](#acn3278-bib-0028){ref-type="ref"} However, so far only a few studies have applied these techniques in stroke patients.[29](#acn3278-bib-0029){ref-type="ref"}, [30](#acn3278-bib-0030){ref-type="ref"}, [31](#acn3278-bib-0031){ref-type="ref"}

Network Concepts for Structural Connectivity Analyses After Stroke {#acn3278-sec-0003}
==================================================================

Figure [1](#acn3278-fig-0001){ref-type="fig"} gives an introductory overview about the concept of different, distributed motor networks at the corticofugal and corticocortical level which have been investigated by means of structural connectivity analysis after stroke. The corticospinal tract (CST) originating from the primary motor cortex is considered the most crucial outflow tract of the motor system in the human brain.[32](#acn3278-bib-0032){ref-type="ref"}, [33](#acn3278-bib-0033){ref-type="ref"} It has been hypothesized that its structural properties and recovery‐related changes after stroke would critically relate to residual motor functioning and recovery processes which has been studied in detail in the past decades (Fig. [1](#acn3278-fig-0001){ref-type="fig"}‐1). In fact, as indicated by Figure [2](#acn3278-fig-0002){ref-type="fig"} which gives a synopsis of the publication history of structural connectivity analyses in motor stroke recovery research, early work goes back to the year 2000. Over time, this tract has clearly been the most extensively addressed pathway in structural analyses related to motor recovery after stroke. Considering the motor system as a bilateral network involving multiple cortical and subcortical brain regions and neuronal circuits, subsequent research has hypothesized that not only the primary CST but other motor networks may contribute to motor recovery after stroke as well. For example, based on animal data, alternate corticofugal fibers, such as corticospinal pathways from secondary motor areas or cortico‐subcortical circuits have gained particular interest in 2010 and later (Fig. [1](#acn3278-fig-0001){ref-type="fig"}‐2). For a long time, corticocortical networks have been largely neglected and brain imaging has focused on pathways at the corticofugal level. However, more recent studies on intra (Fig. [1](#acn3278-fig-0001){ref-type="fig"}‐3) and interhemispheric (Fig. [1](#acn3278-fig-0001){ref-type="fig"}‐4) circuits between primary and secondary motor and nonmotor areas at the corticocortical level have significantly extended the concept of interacting networks for recovery processes after motor stroke (Fig. [2](#acn3278-fig-0002){ref-type="fig"}). For example, functional imaging and electrophysiological studies applying transcranial magnetic stimulation (TMS) have suggested a critical importance of interhemispheric interactions for stroke recovery.[34](#acn3278-bib-0034){ref-type="ref"} Subsequent brain imaging has sought to investigate these relationships from the structural point of view. Taken together, there is converging evidence that the structural status of each of these important networks can be related to recovery processes and residual motor functioning after stroke. However, future structural connectivity analyses will have to explore how the properties of these networks might interact and add to better understanding recovery‐related brain plasticity. Notably, in order to present a rather illustrative and instructive than exhaustive overview, the selection of studies included in this review was guided by subjective criteria such as novelty, quality of the study and impact to the field. Hence, objective criteria of a systematic search of the literature cannot be given.

![Networks of interest in structural connectivity analyses after stroke. This figure is to illustrate how structural imaging can be used to study stroke‐related changes in structural connectivity in different networks. The CST originating from the primary motor cortex has been studied by numerous studies (represented in yellow): For example, diffusion tensor imaging has been used to reconstruct the CST in a 47‐year‐old man 3 (d3) and 30 days (d30) after left‐sided stroke. Reduction in fractional anisotropy in the lesioned left CST at pons level at d30 (FA,rFA values compared to the contralateral side) was regarded as Wallerian degeneration (1, adapted with permission).[45](#acn3278-bib-0045){ref-type="ref"} Recent imaging data have suggested that not only the CST but also alternate motor fibers might contribute to motor functioning and recovery after stroke (represented in blue): For instance, tractography was used to reconstruct such alternate fibers (in blue), probably paralleling the cortico‐rubro‐spinal system, in addition to the CST (2, adapted with permission).[38](#acn3278-bib-0038){ref-type="ref"} Intrahemispheric corticocortical connections (in red) have been addressed by more recent analyses, for instance, between frontal and parietal motor areas. It could be shown that aside from the CST, also parietofrontal structural connectivity relates to residual motor function after stroke. M1 primary motor cortex, PMv ventral premotor cortex, aIPS anterior/cIPS caudal intraparietal sulcus (3, adapted with permission from Robert Schulz et al. Parieto frontal motor pathways and their association with motor function after stroke. Brain (2015) 138 (7): 1949--1960. (Fig. [1](#acn3278-fig-0001){ref-type="fig"}.) By permission of Oxford University Press on behalf of The Guarantors of Brain. This image is not covered by the terms of the Creative Commons/Open Access license of this publication. For permission to reuse, please contact the rights holder).[22](#acn3278-bib-0022){ref-type="ref"} Ultimately, also structural connections between both hemispheres have been evaluated in regard of their contribution for motor functioning and recovery after stroke. For example, regional FA values along the corpus callosum were related to residual motor function in the chronic stage of recovery (4, adapted with permission).[72](#acn3278-bib-0072){ref-type="ref"} Notably, applications of large‐scale network analyses were not included in this synopsis for the sake of clarity. CST, corticospinal tract; FA, fractional anisotropy; rFA, relative FA.](ACN3-3-233-g001){#acn3278-fig-0001}

![Synopsis of structural connectivity analyses. Individual studies considered in the present review are summarized with the year of publication, the sample size (patients) and their main focus of the structural analyses indicated by the color scheme. Cross‐sectional studies are represented by colored dots without any frame; a black frame represents studies with longitudinally repeated imaging. Cross‐sectional imaging studies with only clinical/behavioral follow‐up are indicated by dotted frames. Notably, the selection of studies included in this study is not supposed to be exhaustive but is rather made to illustrate previous and recent developments in structural connectivity analyses after stroke. In cases of multiple studies of similar sample sizes in 1 year, the representing dots were placed next to each other for illustration purposes. The references are numbered consecutively and listed below with the first author and the year of publication, et al. has been omitted for sake of readability. 1: Werring 2000[36](#acn3278-bib-0036){ref-type="ref"}; 2: Pierpaoli 2001[37](#acn3278-bib-0037){ref-type="ref"}; 3: Thomalla 2004[35](#acn3278-bib-0035){ref-type="ref"}; 4: Konishi 2005[51](#acn3278-bib-0051){ref-type="ref"}; 5: Newton 2006[61](#acn3278-bib-0061){ref-type="ref"}; 6: Gupta 2006[68](#acn3278-bib-0068){ref-type="ref"}; 7: Liang 2007[40](#acn3278-bib-0040){ref-type="ref"}; 8: Stinear 2007[80](#acn3278-bib-0080){ref-type="ref"}; 9: Schaechter 2008[17](#acn3278-bib-0017){ref-type="ref"}; 10: Jang 2008[47](#acn3278-bib-0047){ref-type="ref"}; 11: Nelles 2008[18](#acn3278-bib-0018){ref-type="ref"}; 12: Schaechter 2009[12](#acn3278-bib-0012){ref-type="ref"}; 13: Sterr 2010[50](#acn3278-bib-0050){ref-type="ref"}; 14: Radlinska 2010[41](#acn3278-bib-0041){ref-type="ref"}; 15: Lindenberg 2010[16](#acn3278-bib-0016){ref-type="ref"}; 16: Yeo and Jang 2010[59](#acn3278-bib-0059){ref-type="ref"}; 17: Zhu 2010[19](#acn3278-bib-0019){ref-type="ref"}; 18: Puig 2010[39](#acn3278-bib-0039){ref-type="ref"}; 19: Crofts 2011[24](#acn3278-bib-0024){ref-type="ref"}; 20: Bosnell 2011[48](#acn3278-bib-0048){ref-type="ref"}; 21: Qiu 2011[83](#acn3278-bib-0083){ref-type="ref"}; 22: Riley 2011[62](#acn3278-bib-0062){ref-type="ref"}; 23: Kwon 2011[81](#acn3278-bib-0081){ref-type="ref"}; 24: Puig 2011[45](#acn3278-bib-0045){ref-type="ref"}; 25: Nouri 2011[79](#acn3278-bib-0079){ref-type="ref"}; 26: Granziera 2012[30](#acn3278-bib-0030){ref-type="ref"}; 27: Borich 2012[53](#acn3278-bib-0053){ref-type="ref"}; 28: Schulz 2012[54](#acn3278-bib-0054){ref-type="ref"}; 29: Lotze 2012[78](#acn3278-bib-0078){ref-type="ref"}; 30: Lindenberg 2012[38](#acn3278-bib-0038){ref-type="ref"}; 31: Wang 2012[14](#acn3278-bib-0014){ref-type="ref"}; 32: Rüber 2012[58](#acn3278-bib-0058){ref-type="ref"}; 33: Radlinska 2012[69](#acn3278-bib-0069){ref-type="ref"}; 34: Carter 2012[74](#acn3278-bib-0074){ref-type="ref"}; 35: Stinear 2012[55](#acn3278-bib-0055){ref-type="ref"}; 36: Kalinosky 2013[86](#acn3278-bib-0086){ref-type="ref"}; 37: Chen and Schlaug 2013[71](#acn3278-bib-0071){ref-type="ref"}; 38: Vargas 2013[84](#acn3278-bib-0084){ref-type="ref"}; 39: Park 2013[23](#acn3278-bib-0023){ref-type="ref"}; 40: Kou 2013[20](#acn3278-bib-0020){ref-type="ref"}; 41: Phan 2013[21](#acn3278-bib-0021){ref-type="ref"}; 42: Puig 2013[46](#acn3278-bib-0046){ref-type="ref"}; 43: Groisser 2014[42](#acn3278-bib-0042){ref-type="ref"}; 44: Takenobu 2014[11](#acn3278-bib-0011){ref-type="ref"}; 45: Sterr 2014[49](#acn3278-bib-0049){ref-type="ref"}; 46: Kuceyeski 2014[77](#acn3278-bib-0077){ref-type="ref"}; 47: Lin 2015[31](#acn3278-bib-0031){ref-type="ref"}; 48: Schulz 2015[64](#acn3278-bib-0064){ref-type="ref"}; 49: Volz 2015[82](#acn3278-bib-0082){ref-type="ref"}; 50: Li 2015[72](#acn3278-bib-0072){ref-type="ref"}; 51: Song 2015[73](#acn3278-bib-0073){ref-type="ref"}; 52: Zheng and Schlaug 2015[60](#acn3278-bib-0060){ref-type="ref"}; 53: Liu 2015[70](#acn3278-bib-0070){ref-type="ref"}; 54: Schulz 2015[22](#acn3278-bib-0022){ref-type="ref"}; 55: Feng 2015[52](#acn3278-bib-0052){ref-type="ref"}; 56: Byblow 2015.[85](#acn3278-bib-0085){ref-type="ref"}](ACN3-3-233-g002){#acn3278-fig-0002}

Structural Connectivity Analyses of Corticospinal Pathways {#acn3278-sec-0004}
==========================================================

The importance of plastic structural changes in the CST for motor stroke recovery has been assessed in detail by various studies. Stroke‐related microstructural damage to the ipsilesional CST in the cerebral peduncles has been found by cross‐sectional studies within the first 2 weeks,[35](#acn3278-bib-0035){ref-type="ref"} the first 2 to 6 months[36](#acn3278-bib-0036){ref-type="ref"} and after 1 year.[37](#acn3278-bib-0037){ref-type="ref"} Widespread ipsilesional FA reductions occur along the tract from the cerebral peduncle to subcortical white matter.[38](#acn3278-bib-0038){ref-type="ref"} Longitudinal data have indicated that FA reductions of the pontine ipsilesional CST were evident after 30 days, but not early after 12 h or 3 days and they have been associated with the motor outcome at the same time.[39](#acn3278-bib-0039){ref-type="ref"} For stroke patients with subcortical lesions involving the posterior limb of the internal capsule (PLIC), one study has suggested a progressive FA decrease above and below the lesion site from 1 week to 3 months after stroke. The amount of FA reduction has been correlated with the change in motor function.[40](#acn3278-bib-0040){ref-type="ref"} This surrogate of anterograde and retrograde white matter degeneration after stroke has been similarly found in another group of subacute patients with subcortical lesions, though a change in FA over time between 3 weeks and 6 months has not been detected.[41](#acn3278-bib-0041){ref-type="ref"} More recently, an analysis in stroke patients with a broad spectrum of cortical and subcortical lesions has revealed FA reductions particularly in the early subacute stage. However, only the subsequent subacute loss in FA has correlated with dexterity, an important factor of recovered hand function in the chronic stage. In contrast, the concurrent increase in axial diffusivity (AD) has been found to be a strong predictor of the degree of motor function in both the subacute and chronic phase.[42](#acn3278-bib-0042){ref-type="ref"} Hence, providing complementary information on structure--function relationships, different tensor‐derived diffusion metrics such as FA or AD might have differential value for prognosis of motor recovery.[42](#acn3278-bib-0042){ref-type="ref"} Similarly, such synergistic effects of different diffusion indices have been demonstrated comparing common diffusion tensor parameters and more elaborated techniques such as diffusion kurtosis imaging in stroke patients[43](#acn3278-bib-0043){ref-type="ref"} and in healthy aging.[44](#acn3278-bib-0044){ref-type="ref"} However, to what degree common diffusion metrics and the more recent and probably more tissue‐specific indices can add in structural connectivity analyses to better understand and predict motor function and recovery after stroke remains a topic of future work.

Alternative studies on cortical and subcortical stroke patients have related early CST damage at the level of the internal capsule[45](#acn3278-bib-0045){ref-type="ref"} or the cerebral peduncle[35](#acn3278-bib-0035){ref-type="ref"} to the motor outcome 3 months after stroke as well. Notably, a recent analysis has complemented these findings associating the integrity of the ipsilesional CST 1 month after the ictal event with long‐term outcome over 2 years.[46](#acn3278-bib-0046){ref-type="ref"} Similar findings have been reported for pontine stroke patients in which the status of the ipsilesional CST within the first month has been found to relate to the recovery over the 6 months subsequently.[47](#acn3278-bib-0047){ref-type="ref"} In the same way, an additional study has related ipsilesional CST integrity to short‐term improvements in a visuomotor‐tracking training.[48](#acn3278-bib-0048){ref-type="ref"} Aside from diffusivity‐related measures of CST connectivity, few studies have used the lesion load (i.e., spatial overlap between the stroke lesion and the CST derived from a healthy control group) to infer the level of damage. These studies have correlated the lesion load with residual motor function in the chronic stage of recovery[19](#acn3278-bib-0019){ref-type="ref"}, [49](#acn3278-bib-0049){ref-type="ref"}, [50](#acn3278-bib-0050){ref-type="ref"} or have found an association between the acute lesion load and motor recovery over 3 months.[51](#acn3278-bib-0051){ref-type="ref"}, [52](#acn3278-bib-0052){ref-type="ref"} In summary, the data have shown that ischemic strokes lead to time‐dependent secondary degeneration of ipsilesional corticospinal fibers both distal and proximal of the lesion, critically influencing residual motor function and recovery during rehabilitation. Comparing functional scores with imaging metrics, some studies have argued that structural connectivity indices might be better than clinical scores at certain time points in predicting recovery.[45](#acn3278-bib-0045){ref-type="ref"} In fact, rather than evaluating whether one or the other will be superior, we argue that it will be more important for future longitudinal studies to answer how both structural and clinical measures might interrelate with each other in terms of their contribution to motor recovery prediction after stroke. In this regard, open questions moreover concern which clinical scores might be of best value in complex prediction models, and to what extent their contribution might be time‐dependent given changing structural connectivity profiles after stroke.

Aside from the ipsilesional tract, structural connectivity changes have been reported for the contralesional corticospinal pathways. For example, decreased FA values have been detected bilaterally in severely impaired chronic stroke patients, whereas increased values have been found in patients with more favorable outcomes. Across both groups the CST status has correlated with motor function.[12](#acn3278-bib-0012){ref-type="ref"} This involvement of both CSTs has been similarly suggested in a recent study which has shown that only the mean FA value at the contralesional PLIC was significantly associated with residual motor function.[53](#acn3278-bib-0053){ref-type="ref"} These findings highlight one potentially critical point: Various studies have related the integrity indices of the ipsilesional CST to the value of the contralesional tract to account for intersubject variability in premorbid white matter microstructure.[16](#acn3278-bib-0016){ref-type="ref"}, [35](#acn3278-bib-0035){ref-type="ref"}, [41](#acn3278-bib-0041){ref-type="ref"}, [54](#acn3278-bib-0054){ref-type="ref"}, [55](#acn3278-bib-0055){ref-type="ref"} Despite that gross structural changes are naturally more evident in the ipsilesional than in the contralesional tracts, this approach neglects absolute and side‐specific CST alterations which might show differential relations to motor functioning and recovery after stroke as well. Hence, in future studies, for example, with more significantly impaired patients that are less likely to show cross‐correlations between the ipsi‐ and contralesional CST indices, more complex modeling will be needed to specifically adjust the target effects of the ipsilesional CST to the contralesional one and vice versa.

Structural Connectivity Analyses of Alternate Corticofugal Pathways {#acn3278-sec-0005}
===================================================================

Aside from the CST, other descending pathways have gained growing interest in regard to structure--function relationships after stroke. Previous animal[56](#acn3278-bib-0056){ref-type="ref"} and human studies[57](#acn3278-bib-0057){ref-type="ref"} have hypothesized a relevant contribution of alternate motor fibers, such as the cortico‐rubro‐spinal and cortico‐reticulo‐spinal system, to support motor functioning in patients with CST damage. Confirming this hypothesis in patients, it has been shown that the structural integrity of the CST correlated better with residual motor function after stroke when the integrity of such alternate motor fibers were also considered in the model.[16](#acn3278-bib-0016){ref-type="ref"} More recent studies have revealed significant increases of white matter integrity in or surrounding the ipsilesional red nucleus during normal recovery after stroke.[11](#acn3278-bib-0011){ref-type="ref"}, [58](#acn3278-bib-0058){ref-type="ref"}, [59](#acn3278-bib-0059){ref-type="ref"} Interventional studies focusing on motor improvement during intensive training have associated baseline FA and RD values[38](#acn3278-bib-0038){ref-type="ref"} and also training‐related FA increases of the alternate motor fibers with functional improvement over time.[60](#acn3278-bib-0060){ref-type="ref"} It has been argued that the nature of the cortico‐rubro‐spinal system with crossed and uncrossed fibers from multiple cortical regions may potentially explain why such recovery‐ and training‐related plastic remodeling can be particularly detected and correlated with motor function compared to the CST.[60](#acn3278-bib-0060){ref-type="ref"} Despite these first stimulating results, the underlying processes for such plastic changes within alternate corticofugal pathways still remain very vague. While most studies have primarily focused on FA values, few studies have evaluated AD and RD aiming to provide additional information on the different microstructural components such as axons and myelin sheaths. The combination of larger sample sizes, more sophisticated models considering various diffusion indices simultaneously and including modern imaging techniques such as diffusion spectrum and magnetization transfer ratio imaging[31](#acn3278-bib-0031){ref-type="ref"} might be helpful to investigate this further.

As another example for alternate corticofugal fibers, animal studies have shown that the CST does not only receive inputs from the primary motor cortex but also from secondary motor areas such as the dorsal and ventral premotor cortex and the supplementary motor area. Increased brain activation in ipsilesional primary and secondary motor regions has been considered to reflect an increased reliance on undamaged ipsilesional corticospinal fibers.[61](#acn3278-bib-0061){ref-type="ref"} To investigate this hypothesis, trajectories originating from these areas have been reconstructed and their tract‐related lesion load[20](#acn3278-bib-0020){ref-type="ref"}, [21](#acn3278-bib-0021){ref-type="ref"}, [61](#acn3278-bib-0061){ref-type="ref"}, [62](#acn3278-bib-0062){ref-type="ref"} or white matter integrity[54](#acn3278-bib-0054){ref-type="ref"} have been correlated with motor function or training gains under therapy in chronic stroke patients. In detail, in the early stage after stroke the amount of damage to these different tracts has appeared to be related to the motor function after 3 months in a rather unspecific way.[21](#acn3278-bib-0021){ref-type="ref"} In contrast, in the chronic stage of recovery it has been shown that, aside from corticospinal fibers originating from the primary motor cortex, fibers from the dorsal premotor cortex have been specifically associated with motor function.[54](#acn3278-bib-0054){ref-type="ref"} Though, since other studies on tract‐related lesion overlap have reported either unspecific[20](#acn3278-bib-0020){ref-type="ref"} or no associations with baseline motor function but training gains after therapy,[62](#acn3278-bib-0062){ref-type="ref"} there is still ongoing debate to what extent secondary corticofugal fibers really relate to motor output after stroke and perhaps will help to infer further potential for rehabilitation.

Structural Connectivity Analyses of Corticocortical Connections {#acn3278-sec-0006}
===============================================================

Various functional imaging studies have contributed to the understanding of widespread, time‐dependent changes in brain activation patterns with recovery‐related alterations of interregional corticocortical interactions between motor and nonmotor areas.[1](#acn3278-bib-0001){ref-type="ref"}, [2](#acn3278-bib-0002){ref-type="ref"} While structural connectivity analyses on the corticocortical level[63](#acn3278-bib-0063){ref-type="ref"} have already been used to infer structure--function relationships in healthy aging, such analyses are still rare with regard to motor recovery research after stroke.

With regard to intrahemispheric corticocortical interactions, previous functional imaging studies have shown that interactions between the primary motor cortex, the ventral premotor cortex and motor areas along the intraparietal sulcus are relevant for skilled hand function. In fact, a recent study has revealed that the integrity of ipsilesional parietofrontal pathways between the anterior intraparietal sulcus and the ventral premotor cortex along the superior longitudinal fascicle, as well as the ventral premotor and the primary motor cortex contribute to residual motor function in chronic stroke patients. Notably, this positive contribution was found in addition to that of the CST[22](#acn3278-bib-0022){ref-type="ref"} indicating that the combined analysis of different neuronal circuits will become progressively more important for a better understanding of the interrelations between corticospinal and corticocortical networks and their impact for stroke recovery. In good agreement, previous whole‐brain voxel‐wise analyses have also suggested that FA values within regions of the ipsilesional superior longitudinal fascicle are linked to residual motor function.[12](#acn3278-bib-0012){ref-type="ref"}, [14](#acn3278-bib-0014){ref-type="ref"} A functional role of corticocortical connections between the primary motor cortex and frontal secondary motor areas has also been found in well‐recovered chronic stroke patients with isolated subcortical lesions in which the integrity of the ipsilesional tract between the dorsal premotor cortex and the primary motor cortex has been associated with better performance.[64](#acn3278-bib-0064){ref-type="ref"} Recent diffusion spectrum imaging has shown that plastic changes in specific corticocortical motor connections of the contralesional hemisphere early after stroke are associated with subsequent recovery.[30](#acn3278-bib-0030){ref-type="ref"} It also shows the degree to which connectivity remodeling depends on axonal and/or myelin alterations as directly assessed by means of magnetization transfer ratio imaging.[31](#acn3278-bib-0031){ref-type="ref"}

Given converging evidence that interhemispheric interactions between primary and secondary motor areas of the unaffected and the affected hemisphere play important roles,[3](#acn3278-bib-0003){ref-type="ref"}, [65](#acn3278-bib-0065){ref-type="ref"}, [66](#acn3278-bib-0066){ref-type="ref"}, [67](#acn3278-bib-0067){ref-type="ref"} it was also of particular interest to what degree the underlying interhemispheric structural connectivity via transcallosal commissural projections might be related to motor functioning and recovery after stroke. Indeed, studies have revealed that transcallosal motor fibers degenerate after stroke[14](#acn3278-bib-0014){ref-type="ref"}, [68](#acn3278-bib-0068){ref-type="ref"}, [69](#acn3278-bib-0069){ref-type="ref"}, [70](#acn3278-bib-0070){ref-type="ref"} depending on the amount of damage to the ipsilesional CST.[69](#acn3278-bib-0069){ref-type="ref"}, [70](#acn3278-bib-0070){ref-type="ref"} Furthermore, recent multimodal analyses in chronic stroke patients have shown that the disrupted interhemispheric, structural connection between the primary motor cortices might come along with enhanced resting‐state functional connectivity, potentially reflecting compensatory or reactive brain plasticity. This finding might be specific to well‐recovered[70](#acn3278-bib-0070){ref-type="ref"} but not to more severely affected patients.[71](#acn3278-bib-0071){ref-type="ref"} However, the small sample sizes of 20 and 11 patients, respectively, limit our ability to draw conclusions at this point. More importantly, the structural connectivity changes in transcallosal connections have also been related to the motor outcome after stroke.[14](#acn3278-bib-0014){ref-type="ref"}, [38](#acn3278-bib-0038){ref-type="ref"}, [71](#acn3278-bib-0071){ref-type="ref"} In contrast to previous studies involving chronic stroke patients with cortical and subcortical lesions,[12](#acn3278-bib-0012){ref-type="ref"} more recent longitudinal whole‐brain analyses in patients with subcortical and pontine lesions have found significant correlations for larger regions within the corpus callosum in the subacute and chronic stage, indicating that stroke locations and time after stroke might influence these structure--function relationships.[72](#acn3278-bib-0072){ref-type="ref"} Combining whole‐brain diffusion analysis, functional MRI and tractography, another study has related the white matter integrity of the transcallosal fibers connecting sensorimotor cortices, supplementary motor areas, ventral premotor cortices and parietal brains regions to the motor function and to increased activation of the contralesional hemisphere during simple finger movements. These results link CST damage, degeneration of transcallosal fibers, stronger bilateral recruitment of motor areas, and motor impairment.[14](#acn3278-bib-0014){ref-type="ref"} Aside from baseline motor function after stroke, structural connectivity metrics of transcallosal connections have been used to predict training gains under therapy. For instance, AD and RD values of fibers connecting the primary motor cortices have been related to functional improvement during an experimental rehabilitation trial for five consecutive days. Contrarily, the integrity of the CST has not been found to be a significant predictor in regard of its diffusivities, but its FA value[38](#acn3278-bib-0038){ref-type="ref"} confirming that diffusion metrics might differ in their predictive value for recovery during therapy.[73](#acn3278-bib-0073){ref-type="ref"}

In summary, this data has enhanced the understanding of the functional role of intra and interhemispheric structural connections for motor recovery after stroke, in addition to the CSTs. However, as most studies have only used separate models for individual connections -- probably due to small sample sizes -- direct evidence for this additional role of specific corticocortical connections, independent from the status of the CST, is still rare.[22](#acn3278-bib-0022){ref-type="ref"}, [74](#acn3278-bib-0074){ref-type="ref"} Though, this approach of combined modeling might be promising to investigate how hypothesis‐driven structural connectivity information of specific tracts interrelates and how it adds to predict motor recovery after stroke.

Large‐Scale Structural Connectivity Analyses {#acn3278-sec-0007}
============================================

In comparison to these hypothesis‐driven and rather tract‐specific analyses, several studies have considered the brain as a complex network of various functional nodes and edges at different cortical, subcortical and spinal levels. They have opted to primarily address the structural network characteristics at this larger scale using data‐driven, whole‐brain approaches and have related them to motor functioning and recovery. For instance, network "communicability," a measure of information flow across a network, has been found to be reduced in regions surrounding the lesion and in homolog regions of the contralesional hemisphere.[24](#acn3278-bib-0024){ref-type="ref"} Together with whole‐brain data on white matter integrity[12](#acn3278-bib-0012){ref-type="ref"} and longitudinal cortical thickness data,[75](#acn3278-bib-0075){ref-type="ref"}, [76](#acn3278-bib-0076){ref-type="ref"} this argues for a secondary degeneration of fibers along with gray matter in remote regions, which are interconnected with the stroke lesion. Another approach is the combination of whole‐brain structural connectivity data from healthy participants and lesion information from stroke patients. Connectivity changes particularly in regions near the stroke lesions have been found to correlate with subsequent tissue loss.[77](#acn3278-bib-0077){ref-type="ref"}

Multimodal Integration of Structural Connectivity Analyses {#acn3278-sec-0008}
==========================================================

Providing synergistic or complementary information on brain plasticity to better understand stroke recovery, studies have increasingly combined structural connectivity analyses with other modalities for example TMS to probe excitability of the primary motor cortices[55](#acn3278-bib-0055){ref-type="ref"}, [78](#acn3278-bib-0078){ref-type="ref"}, [79](#acn3278-bib-0079){ref-type="ref"}, [80](#acn3278-bib-0080){ref-type="ref"}, [81](#acn3278-bib-0081){ref-type="ref"}, [82](#acn3278-bib-0082){ref-type="ref"} or functional imaging to assess regional brain activation[14](#acn3278-bib-0014){ref-type="ref"}, [17](#acn3278-bib-0017){ref-type="ref"}, [61](#acn3278-bib-0061){ref-type="ref"}, [78](#acn3278-bib-0078){ref-type="ref"}, [80](#acn3278-bib-0080){ref-type="ref"}, [83](#acn3278-bib-0083){ref-type="ref"}, [84](#acn3278-bib-0084){ref-type="ref"} or interregional coupling characteristics.[74](#acn3278-bib-0074){ref-type="ref"}, [82](#acn3278-bib-0082){ref-type="ref"} For instance, these studies have evidenced that the loss of integrity of the ipsilesional CST relates to an increase in task‐related brain activation in the contralesional primary sensorimotor cortex[14](#acn3278-bib-0014){ref-type="ref"}, [17](#acn3278-bib-0017){ref-type="ref"}, [84](#acn3278-bib-0084){ref-type="ref"} or bilateral dorsal premotor cortices,[78](#acn3278-bib-0078){ref-type="ref"} commonly seen in more impaired patients. Indeed, a small series has suggested that lesions to corticofugal tracts originating from secondary motor areas might explain increased functional recruitment of these areas after stroke.[61](#acn3278-bib-0061){ref-type="ref"} This would link structural changes, functional cortical reorganization, and motor output and recovery altogether.

Studies have further revealed that the structural and functional integrity of the CST measured by TMS are usually not interchangeable and might provide complementary information.[78](#acn3278-bib-0078){ref-type="ref"}, [79](#acn3278-bib-0079){ref-type="ref"} In this regard, it has been shown that not only the structurally but also functionally intact corticospinal system might be crucial both for residual motor function,[82](#acn3278-bib-0082){ref-type="ref"} spontaneous recovery[55](#acn3278-bib-0055){ref-type="ref"}, [80](#acn3278-bib-0080){ref-type="ref"}, [81](#acn3278-bib-0081){ref-type="ref"} and improvements following treatment.[79](#acn3278-bib-0079){ref-type="ref"} An interesting hierarchical prediction model has been built on a simple score of upper limb motor functioning with TMS metrics and FA analysis at the PLIC. Based on this model, 40 acute stroke patients could be sufficiently classified into four groups with varying outcomes over 6 months: The early clinical evaluation and the presence of TMS evoked motor potentials have been found to be relevant factors for complete or significant recovery, respectively. The structural analysis has allowed the additional classification of the more impaired patients without TMS evoked potentials into either the group with limited or no recovery. As argued by the authors, this early classification could be useful to define feasible rehabilitation goals.[55](#acn3278-bib-0055){ref-type="ref"}, [80](#acn3278-bib-0080){ref-type="ref"} A more recent study has confirmed this interaction between spontaneous motor recovery, functional and structural integrity measures of the CST indicating a proportional improvement by 70% of the maximum possible regardless of the initial impairment for patients with preserved TMS evoked motor potentials. In patients with absent motor potentials, the structural integrity of the CST has been found to predict subsequent recovery. Nevertheless, samples sizes of the regression analyses of the different subgroups were small, hence the findings should be interpreted with caution.[85](#acn3278-bib-0085){ref-type="ref"}

Current Limitations, Future Directions, and Conclusion {#acn3278-sec-0009}
======================================================

In summary, structural brain imaging has substantially enhanced the understanding of stroke‐related network alterations and related them to motor functioning as well as recovery processes. In regard of the different networks addressed in the present review (Fig. [1](#acn3278-fig-0001){ref-type="fig"}), there is strong evidence that the integrity of the CST shows the most critical importance for impairment and recovery. However, studies have also argued that the structural properties of alternative networks at the corticofugal and corticocortical level will play significant roles as well. A number of limitations are worth considering. First, most of the studies were cross‐sectional; they have included patients in the chronic stage of recovery and were based on rather small sample sizes (Fig. [2](#acn3278-fig-0002){ref-type="fig"}). Few longitudinal studies have addressed the temporal change in structural connectivity and have also related it to motor recovery. Second, the majority of studies were focused only on the CST. Just a few studies have now addressed to what degree alternate corticofugal systems or distinct corticocortical commissural and associative connections might be involved in motor output or recovery after stroke as well. However, the sparse data for these networks make it difficult to prove or exclude a relevant contribution of these networks during stroke recovery at this point. Third, compared to the majority of unimodal studies, only a few studies have combined structural connectivity analyses with physiological measures or functional imaging data to explain residual motor function or recovery.

In thought of these limitations, future studies on structural connectivity analyses after stroke will have to address a number of important issues. First, more longitudinal studies across the acute, subacute and chronic stage of recovery are needed to investigate the temporal dynamics of structural connectivity changes in more detail. Importantly, only such analyses will differentiate to what extent the premorbid intersubject variance on one hand and stroke‐related structural alterations evoked by direct and remote lesion effects on the other hand might contribute to the structure--function associations after stroke. While the latter may most likely be in tracts with progressive prominent structural changes after stroke, the former might be important in tracts where changes early after stroke and during recovery are absent. Second, the longitudinal aspect should also be combined with a multimodal approach. Thereby, the multimodal dimension will refer to different techniques such as physiological connectivity data by means of TMS, resting‐state or task‐related connectivity data by means of functional imaging but also to the scale of connectivity level. For physiological connectivity data, additional research is needed to better understand how structural determinants of connections interrelate with such functional connectivity measures. In terms of the scale of connectivity level, current studies have either applied whole‐brain analyses or hypothesis‐driven, rather tract‐related approaches. In this context, future studies are needed to investigate to what extent, for example, graph‐theoretical large‐scale network characteristics might interrelate with tract‐specific connectivity metrics at the level of distinct neuronal circuits. Similarly, it will become more important how structural metrics of one specific tract or circumscribed network might contribute to structure--function relationships of other neuronal circuits, both for motor functioning and recovery prediction. Given the available data on the CST and intrahemispheric premotor‐motor connections or interhemispheric tracts between the primary motor cortices, one would hypothesize that the structural status of the CST may directly influence to what degree such corticocortical structural networks would contribute to motor functioning and recovery. More specifically, in patients with a damaged CST, the integrity of corticocortical connections, for instance, between the ipsilesional primary motor cortex and the dorsal[64](#acn3278-bib-0064){ref-type="ref"} or ventral premotor cortex,[22](#acn3278-bib-0022){ref-type="ref"} might gain a particular importance for preserved hand function or the potential for further recovery. In contrast, stroke patients with little lesion load to the CST might show a reduced dependence from such premotor--motor connections. Notably, such interactions between corticospinal and corticocortical networks have already been demonstrated for interhemispheric functional connectivity.[74](#acn3278-bib-0074){ref-type="ref"} Similar interactions might hold true for physiological measures gathered by means of TMS as well what would be another interesting topic for future work.

To make this more complex modeling in longitudinal and multimodal frameworks on higher dimensional data possible, studies with larger sample sizes are definitely a requirement. In this regard, recent data on fully automatized structural analyses might stimulate the field to develop approaches for efficient data analysis suitable for routine imaging. Though, how such multimodal analyses across multiple motor networks (Fig. [1](#acn3278-fig-0001){ref-type="fig"}) will address the statistical limitations such as significant cross‐correlations has yet to be clarified.

In the end, only the combined analysis of modality‐specific findings within a longitudinal framework can help to make the most of each technique promoting the understanding of their potential synergistic and complementary insights into a consistent picture of plastic brain changes after stroke. Together with network simulations based on empirical structural connectivity data from multiple corticofugal and corticocortical circuits, this may help to provide deeper insights into motor functioning and recovery after stroke in order to further pave the way for individually tailored treatment and rehabilitation protocols including noninvasive brain stimulation techniques.
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